The ultrastructural localization of mobilizable Ca 2ϩ in different subcellular compartments of human oocytes and preimplantation embryos was studied using the potassium-pyroantimonate technique and transmission electron microscopy; the specificity was confirmed by chelation experiments and X-ray microanalysis. In unfertilized oocytes, Ca 2ϩ was detected in small vesicles beneath the plasma membrane as well as in other forms of smooth endoplasmic reticulum (SER) and in mitochondria but not in cortical granules. In pronuclear zygotes and blastomeres of cleaving embryos, Ca 2ϩ -rich vesicles were no longer present close to the plasma membrane, and the entire cell periphery was poor in Ca 2ϩ -containing organelles which, however, were abundant in the perinuclear region. The uneven Ca 2ϩ loading of SER and mitochondria from the pronuclear stage onwards suggests that Ca 2ϩ release from both these types of organelle contributes to the embryonic Ca 2ϩ signals. During mitosis, less Ca 2ϩ was detected within organelles, but the antimonate reaction product was more abundant in the cytosol. These data suggest that, in addition to different forms of SER, mitochondria also act as a source of mobilizable Ca 2ϩ in preimplantation human embryos. The previously described developmental and cell cycle related changes in the characteristics of Ca 2ϩ signals are associated with the redistribution and structural reorganization of these organelles.
Introduction
begin in a focus in the cell periphery and spread throughout the periphery before propagating towards the cell centre Ca 2ϩ signals are involved in the control of multiple molecular , whereas Ca 2ϩ waves observed in and cellular events controlling important biological processes pronuclear zygotes and in blastomeres of cleaving human during fertilization and early embryonic development, includembryos arise in the perinuclear region and then spread towards ing the triggering of oocyte activation (reviewed in Swann the cell periphery (Sousa et al., 1996a). and Ozil, 1994) , regulation of pronuclear development and Preliminary evidence suggests that different spatial characsyngamy (Poenie et al., 1985; Gillot and Whitaker, 1994) , and teristics of Ca 2ϩ wave propagation observed at different stages the control of the cell cycle of early embryonic cells (Poenie of human post-fertilization development are related to different et al., 1985; Whitaker and Patel, 1990; Hepler, 1992) . Ca 2ϩ -distribution patterns of endoplasmic reticulum (ER) within the monitoring studies performed with living freshly fertilized cells (Sousa et al., 1996a) . In fact, ER is believed to be the eggs and early embryos of several mammalian and nonmain source of mobilizable Ca 2ϩ in cells (Berridge, 1993 ; mammalian species have shown that the Ca 2ϩ signals recorded Clapham, 1995) , and changes in the intracellular distribution during each of these developmental periods differ both as to of this organelle may thus influence the direction of the their temporal characteristics and as to the pattern of the vectorial propagation of Ca 2ϩ -induced Ca 2ϩ release (CICR). spatial propagation of the corresponding increases in the free However, other Ca 2ϩ -rich organelles, such as mitochondria cytoplasmic Ca 2ϩ concentration ([Ca 2ϩ ] i ) within the cells (Ichas et al., 1994) , secretory granules (Gerasimenko et al., (Ciapa et al., 1994; Gillot and Whitaker, 1994) . In addition to 1996) and calciosomes (Volpe et al., 1988) , have also been the developmental stage dependence, [Ca 2ϩ ] i in embryonic suggested as participating in the generation or intracellular cells is dependent on the actual phase of the cell cycle (Poenie propagation of Ca 2ϩ signals and may be involved in the Ca 2ϩ et al., 1985; Ciapa et al., 1994) .
oscillation mechanism of human oocytes and embryos (Tesarik Human embryos also show developmental and celland Sousa, 1996) . Hence, reorganization of different cycle-related changes in the temporal and spatial patterns intracellular Ca 2ϩ -storing elements and a change in their of Ca 2ϩ signals during preimplantation development (Sousa respective Ca 2ϩ load may be the structural counterpart of et al., 1996a) . These changes involve a reversal of the direction the observed developmental and cell-cycle-related changes in of propagation of Ca 2ϩ waves at the time of the appearance of pronuclei. In freshly fertilized eggs, Ca 2ϩ waves typically the characteristics of Ca 2ϩ signals in preimplantation embryos.
described below) was achieved with the pyroantimonate technique
To the best of our knowledge, no data about the ultrastructural (Wick and Hepler, 1982 (Berruti et al., 1986) . Both products were of cell Source and preparation of gametes and embryos culture grade quality and were purchased from Sigma. All other All gametes and embryos used in this study were donated by patients chemicals were of analytical grade quality and were purchased attending the IVF programme of the Laboratory of Medical Genetics from Merck (Darmstadt, FRG (World Health Organization, 1978) , to prevent cation diffusion before osmium-pyroantimonate 1992) were used. After liquefaction at room temperature (30 min), fixation (Simson and Spicer, 1975) and to increase the specificity of semen samples were washed twice in sperm preparation medium the Ca 2ϩ precipitation reaction (Wick and Hepler, 1982) ; it was (SPM; Medi-Cult, Copenhagen, Denmark) as described by Sousa followed by washing in 0.01 N potassium acetate, pH 7.8, at 4°C for 8 et al. (1996a) . The resulting sperm pellets were resuspended in SPM h. This extensive wash is required to decrease non-specific background equilibrated with 5% CO 2 in air and incubated at 37°C for 4 h to staining (Wick and Hepler, 1982) . After washing, embryos were postachieve capacitation.
fixed with 1% OsO 4 and 2% potassium pyroantimonate in 0.01 N Oocytes were recovered from large ovarian follicles by ultrasonicpotassium acetate, pH 7.8, at 4°C for 1 h and washed again in 0.05 ally-guided follicular aspiration in cycles stimulated with human N potassium acetate (pH 7.8). Potassium pyroantimonate solutions menopausal gonadotrophin (HMG) and human chorionic gonadotrowere prepared as described in Klein et al. (1972) . None of the phin (HCG) after pituitary desensitization with a gonadotrophinfixative or washing solutions contained Ca 2ϩ , and all potassium releasing hormone (GnRH) agonist as appropriate for therapeutic IVF pyroantimonate solutions were filtered through 0.2 mm Millipore attempts. The indication for IVF was tubal factor. Details of these filters prior to use. Furthermore, pH of all solutions was adjusted techniques have been described previously .
with KOH to prevent dissolution of antimonate deposits and reprecipSupernumerary mature fresh oocytes and embryos resulting from IVF itation with sodium (Wick and Hepler, 1982 ; Sousa and Azevedo, came from cases in which embryo freezing facilities were not 1989). available. In all cases, gametes and embryos were donated for research After the fixation procedure, specimens were serially dehydrated purposes by consenting patients.
in ethanol, equilibrated with propylene oxide and embedded in Epon. Ultrathin sections were prepared with a Diatome diamond knife in a In-vitro insemination Reichert Ultracut S ultramicrotome and collected on celloidin-coated For in-vitro insemination, oocytes were freed from the cumulus copper grids. They were examined without counterstaining in a JEOL oophorus by a short incubation (30 s) in a commercially available 100 CX II transmission electron miscroscope at 60 kV (Sousa and hyaluronidase solution in SPM (Medi-Cult), washed four times in . SPM and then in embryo tested Tyrode's salt solution (TSS; Sigma,
The chelators ethyleneglycoltetraacetic acid (EGTA) and EDTA St Louis, MO, USA). Cumulus-free oocytes were treated for 30 s were used to demonstrate the presence of Ca 2ϩ in the antimonate with 0.1% pronase (Sigma) solution in TSS, washed four times in reaction product. Briefly, ultrathin sections were incubated in 6 mM SPM and incubated for 3 h in IVF medium (Medi-Cult) equilibrated aqueous EGTA or EDTA, pH 8.0, at 60°C for 1 h. Control sections with 5% CO 2 in air. Oocytes were then inseminated with husbandЈs were incubated in double-distilled deionized ultrapure water at 60°C spermatozoa added at a concentration of 2ϫ10 4 /ml. At the time of for 1 h. In embedded specimens, chelators do not redissolve Mg 2ϩ pronuclear formation, the resulting zygotes (n ϭ 5) were fixed and or monovalent cation precipitates and are only able to chelate Ca 2ϩ processed for visualization of loosely bound Ca 2ϩ by electron (Wick and Hepler, 1982; Berruti et al., 1986) . microscopy cytochemistry (see below).
Direct evidence for the presence of Ca 2ϩ in the reaction product was obtained by X-ray microanalysis (Wick and Hepler, 1982; Ultrastructural visualization of loosely bound Ca 2ϩ and Camatini, 1985; Berruti et al., 1986; Sousa and Azevedo, 1989) . For microanalysis, 1-2 mm thick sections were examined using a In preliminary experiments, the suitability for use with human oocytes JEOL 35C scanning electron microscope equipped with a Tracor of different techniques for the ultrastructural localization of Ca 2ϩ 2000 microanalyser. The analysis was made with an accelerating was assessed. The best signal-to-noise ratio and cation selectivity (evaluated by chelation experiments and X-ray microanalysis as voltage of 20 kV, and emission was collected over a detection time region of a mature unfertilized oocyte. Abundant dense antimonate regions, the peak for Ca 2ϩ was resolved by fitting the Sb spectrum deposits are present in an aggregate of smooth endoplasmic generated by a piece of antimony to the sample spectrum using reticulum tubules (T) and in the surrounding mitochondria (M). XML from Tracor (filtered minimum square fit technique) and then Bar ϭ 0.5 mm. subtracting the fitted Sb spectrum to the sample spectrum. Spot Figure 3 . High-magnification view of a peripheral cytoplasmic analysis of single reaction product deposits resulted in X-ray spectra region of a mature unfertilized oocyte. Dense antimonate deposits with evident Ca 2ϩ -antimonate peaks. Other cations (Na ϩ , Mg 2ϩ , are present in both a large smooth endoplasmic reticulum vesicle Zn 2ϩ ) were not detected.
(*) and the surrounding mitochondria (M) forming a rosette-like complex. Bar ϭ 0.5 mm. Three main levels of organelle organization were distinguished in the cytoplasm of mature (metaphase II) unfertilized oocytes: Pronuclear zygotes the cortex, the subcortex, and a central cytoplasmic region comprising the remainder of oocyte cytoplasm.
Results
Unlike the mature unfertilized oocytes, the cytoplasm of pronuclear zygotes exhibited only two main levels of organelle The oocyte cortex contained large dense cortical granules and small light vesicles that either lay close to the oolemma organization. These were distinguished as a peripheral region (roughly corresponding to the cortex and subcortex of the or were dispersed between the cortical granules. Antimonate deposits were found inside these small vesicles but not within unfertilized oocytes) and a central or perinuclear region. The peripheral cytoplasm of pronuclear zygotes contained the cortical granules (Figure 1) .
The subcortex contained numerous mitochondria that were only a few organelles, which were mainly represented by mitochondria and small and large SER vesicles. Antimonate intimately associated with smooth ER (SER) small and large vesicles as well as with SER tubular aggregates. Large and deposits were only seen in some of the mitochondria and in a portion of the small SER vesicles ( Figure 5 ), whereas no dense antimonate deposits were detected inside all these organelles (Figures 1, 2, 3) .
staining was ever observed in the large SER vesicles. The antimonate deposits found in mitochondria were of apparently The central cytoplasm was populated by numerous mitochondria associated with SER large and small vesicles. These lower density when compared with the mitochondrial deposits observed in unfertilized oocytes. organelles also contained abundant dense antimonate deposits (Figure 4) .
In contrast to the peripheral region, the central region of Antimonate deposits of moderate intensity can be observed in some Figure 6 . Central region of a pronuclear zygote. Antimonate mitochondria (M) and small smooth endoplasmic reticulum vesicles deposits of moderate density can be observed inside most of the (V). N ϭ nucleus. Bar ϭ 0.5 mm. small smooth endoplasmic reticulum vesicles (V) and mitochondria (M). N ϭ nucleus; Nc ϭ nucleolus. Bar ϭ 0.5 mm.
cycle. In blastomeres in which an interphase nucleus was present, the perinuclear area contained numerous mitochondria pronuclear zygotes was very rich in mitochondria and small and small SER vesicles. However, when compared with the SER vesicles, whereas large SER vesicles, abundant in the pronuclear zygotes, only few of these organelles contained central cytoplasmic region of unfertilized oocytes, were scarce antimonate deposits (Figure 8 ). In blastomeres fixed in the at this stage. Most of the mitochondria and small SER course of mitosis (one blastomere of a 2-cell embryo and one vesicles contained antimonate deposits (Figure 6 ), although blastomere of a 4-cell embryo), the central cytoplasm exhibited the mitochondrial staining was of lower density when compared condensed chromosomes in association with mitotic and polar with that of the mitochondria found in the central region of microtubules. Numerous mitochondria and SER vesicles, and unfertilized oocytes. However, the mitochondrial staining of the occasional SER tubular aggregates, surrounded the chromopronuclear zygotes was much higher in the central cytoplasmic somal region. The presence of antimonate deposits within any region when compared with the peripheral region.
of these organelles was reduced, whereas unusually numerous deposits were found free in the cytosol (Figure 9 ).
Cleaving embryos
The cytoplasm of blastomeres of 2-4-cell embryos exhibited Staining specificity control the same organelle distribution pattern as found in the proTwo types of experiments confirmed that the antimonate nuclear zygotes: a peripheral region relatively poor in cell deposits observed in this study actually contained Ca 2ϩ . Firstly, organelles and a central region in which most organelles were antimonate deposits were completely removed by incubation accumulated. In contrast to the previous stages, no antimonate of ultrathin sections with the Ca 2ϩ chelators EDTA and EGTA deposits could be detected either in mitochondria or in small (Figures 10 and 11) . Secondly, the molecular analysis of or large SER vesicles in the peripheral cytoplasmic region the antimonate deposits in a scanning electron microscope (Figure 7) . equipped with an X-ray microanalyser provided direct evidence The organelles observed in the central cytoplasm displayed different staining characteristics at different phases of the cell for the presence of Ca 2ϩ in the deposits observed in the 
Discussion
This is the first study in which the pyroantimonate technique periods of peak [Ca 2ϩ ] i levels in cells undergoing Ca 2ϩ spiking. Ca 2ϩ is also unlikely to be released from intracellular stores for ultrastructural localization of Ca 2ϩ has been applied to mammalian oocytes and preimplantation embryos. Modificaduring the staining procedure because of the stabilizing action of the glutaraldehyde fixation (Wick and Hepler, 1982) . tions of this technique have previously been used in sea urchin (Cardasis et al., 1978; Inoue and Yoshioka, 1982; Poenie and Finally, when bound in stable complexes, such as phosphate or bicarbonate, Ca 2ϩ cannot react with pyroantimonate. Thus, Epel, 1987), starfish (Sousa and Azevedo, 1989) and Xenopus laevis eggs (Andreuccetti et al., 1984) , in sea urchin (Poenie the antimonate reaction product detected within organelles only represents the loosely bound, mobilizable Ca 2ϩ pool and Epel, 1987), starfish (Sousa and Azevedo, 1989) and boar spermatozoa (Berrutti et al., 1986) , in guinea pig spermatids which is supposed to represent that part of the total intracellularly stored Ca 2ϩ that is immediately available for Ca 2ϩ (Franchi and Camatini, 1985) and in different types of animal and plant somatic cells (e.g. Wooding and Morgan, 1978;  signalling. Most of the mobilizable Ca 2ϩ stored in human oocytes and Wick and Hepler, 1980; Poenie and Epel, 1987; Walz, 1989) . Under the conditions of this study, a high degree of specificity preimplantation embryos was localized in different forms of SER and in mitochondria. In mature unfertilized oocytes, Ca 2ϩ of this staining technique for Ca 2ϩ ions has been confirmed by Ca 2ϩ chelation experiments and by X-ray microanalysis.
was also detected in small clear vesicles in the cortical region; these vesicles were not observed in pronuclear zygotes and in The technique used in this study is especially suitable for the visualization of Ca 2ϩ entrapped within Ca 2ϩ -rich organelles blastomeres of cleaving embryos. The detection of Ca 2ϩ in SER was an expected finding because of the known role of because the cytosolic Ca 2ϩ concentrations rarely reach those required for the precipitation reaction (Wick and Hepler, 1982) , this organelle as intracellular Ca 2ϩ store (Berridge, 1993; Clapham, 1995) . In previous studies, Ca 2ϩ has been localized except for peculiar and transient situations, such as during the technique used in the former one. The fluoride technique may be less suitable for the application with oocytes and embryos as also suggested by the results of our preliminary experiments with human oocytes (see Materials and methods).
The results of this study not only demonstrate the presence of high Ca 2ϩ concentrations in mitochondria of human oocytes and preimplantation embryos but also suggest that the Ca 2ϩ stored in mitochondria can be mobilized to be used for Ca 2ϩ signalling. In fact, the Ca 2ϩ load of mitochondria is uniform in unfertilized oocytes, whereas it becomes highly variable in pronuclear zygotes and in blastomeres of cleaving embryos, presumably because Ca 2ϩ is periodically released from a mitochondrial subpopulation to participate in cytosolic [Ca 2ϩ ] i elevations. In this regard, the changes observed in mitochondria after fertilization were quite similar to those concerning SER, the confirmed source of mobilizable intracellular Ca 2ϩ . The dependence of the Ca 2ϩ content of both mitochondria and SER on the actual phase of the cell cycle (see below) also shows that Ca 2ϩ shuttles between both of these organelles and the cytosol in a cell cycle-dependent manner. This conclusion is supported by a recent study (Ichas et al., 1994) suggesting Sb spectrum from that generated by the deposits (lower curve). activated its cytoplasmic targets (reviewed in Loew et al., 1994) , mitochondria can also act as a source of Ca 2ϩ mobilizable by CICR. in SER of sea urchin (Cardasis et al., 1978; Poenie and Epel, 1987) and Xenopus laevis eggs (Adreuccetti et al., 1984) . In
The finding of Ca 2ϩ in small clear vesicles in the cortical cytoplasm of human unfertilized oocytes is in agreement with human oocytes and preimplantation embryos, SER occurs in the form of small vesicles, large vesicles forming rosette-like similar observations made in sea urchin (Cardasis et al., 1978) , starfish (Sousa and Azevedo, 1989) and Xenopus laevis eggs complexes with mitochondria, and aggregates of small tubular structures surrounded by mitochondria (Sundström et al., 1981 , (Andreuccetti et al., 1984 . The identity of these structures, which disappear by the time of the appearance of pronuclei, 1985; Dvorak et al., 1982; Trounson and Sathananthan, 1984; Sundström and Nilsson, 1988) . In this study, Ca 2ϩ was detected is not clear. They may represent a special form of SER, but they also might be identical with calciosomes, inositol 1,4,5-in all these forms of SER, though not at the same quantities at different developmental stages and at different phases of trisphosphate-sensitive Ca 2ϩ -storing organelles distinct from SER (Volpe et al., 1988) . Unlike the sea urchin (Cardasis the cell cycle (see below). Also, as expected, the Ca 2ϩ content of individual SER structures was more variable after et al., 1978) , Ca 2ϩ was not detected in cortical granules of human oocytes. fertilization, when periodic release and resorption of Ca 2ϩ by intracellular stores underly Ca 2ϩ -signalling events, as comSeveral studies have shown that a redistribution of the principal cytoplasmic organelles, including reorganization of pared to mature unfertilized oocytes in which [Ca 2ϩ ] i does not fluctuate. The absence of detectable Ca 2ϩ signalling events in SER, takes place in human oocytes after fertilization (Sundström et al., 1981 (Sundström et al., , 1985 Dvorak et al., 1982; Trounson human unfertilized oocytes (Taylor et al., 1993; Tesarik and Sousa, 1994; Tesarik et al., 1994) , the development of characand Sathananthan, 1984; Sundström and Nilsson, 1988) . These changes were confirmed in this study. Moreover, the teristic Ca 2ϩ signals in freshly fertilized human oocytes (Taylor et al., 1993; Tesarik and Sousa, 1994; Tesarik et al., 1994;  present data show that the changes in the structural organization of SER and the redistribution of SER and mitochondria, Tesarik and Testart, 1994) , pronuclear zygotes (Sousa et al., 1996a) and cleaving embryos (Sousa et al., 1996a) , and the occurring after fertilization and during the pronuclear development, are accompanied by changes in the Ca 2ϩ content dependence of these Ca 2ϩ signals on periodic discharge and refilling of intracellular Ca 2ϩ stores (Sousa et al., 1996b;  of these organelles. Most notably, the peripheral region of pronuclear zygotes becomes poor in both the small and the Tesarik and Sousa, 1996) have been reported previously.
The detection of Ca 2ϩ in mitochondria is in agreement with large SER vesicles as well as in mitochondria, the Ca 2ϩ -rich organelles that are abundant in the periphery of mature the findings obtained in the sea urchin (Cardasis et al., 1978) although Poenie and Epel (1987) failed to detect Ca 2ϩ in unfertilized oocytes, whereas most of the Ca 2ϩ -rich organelles become accumulated in the perinuclear region. These ultramitochondria of sea urchin eggs. The failure to detect Ca 2ϩ in mitochondria in the latter study may be related to the fact that structural changes coincide with a reversal of the direction of Ca 2ϩ wave vectorial propagation in pronuclear human zygotes a modified technique, using fluoride for Ca 2ϩ precipitation, was used in that study instead of the classical pyroantimonate as compared with freshly fertilized oocytes (Sousa et al., 
